Introduction
[2] Chemistry-aerosol-climate interactions influence abundances of tropospheric O 3 and aerosols (hereafter referred to as O 3 &AERs) and their radiative forcing of climate. Gas-phase species determine the formation and growth of aerosols, and aerosols influence gas-phase chemistry by serving as sites for heterogeneous reactions [Dentener and Crutzen, 1993; Jacob, 2000; Liao and Seinfeld, 2005] and by altering gas-phase photolysis rates [Jacobson, 1998; Liao et al., 1999] . Although growth in levels of well-mixed, long-lived greenhouse gases (GHGs, including CO 2 , CH 4 , N 2 O, and halocarbons) in the atmosphere is the dominant contributor to climate change, tropospheric O 3 &AERs have made significant contributions to radiative forcing of climate since preindustrial times [Intergovernmental Panel on Climate Change (IPCC), 2007] . Ozone is a greenhouse gas; aerosols influence climate through absorption and scattering of radiation (the so-called direct effect) and through their influence on cloud properties (the so-called indirect effect). Furthermore, climate change affects concentrations of tropospheric O 3 &AERs by influencing natural emissions, chemical reactions, transport, and deposition. These interactions complicate estimation of concentrations of O 3 &AERs as well as climate change on decadal and longer time scales.
[3] Simulations of future O 3 &AERs in previous studies usually take one of the following two approaches. One approach is to estimate future levels based on present-day climate and projected emissions of ozone precursors and aerosols/aerosol precursors [e.g., Adams et al., 2001; Koch, 2001; Iversen and Seland, 2002; Liao and Seinfeld, 2005; Horowitz, 2006] , in which the impact of climate change on O 3 &AERs is not considered. Another approach is to simulate future O 3 &AERs accounting for projected GHG increases and future changes in non-GHG anthropogenic emissions. A warmer climate is predicted to alter natural emissions of ozone precursors, such as biogenic hydrocarbons Lathière et al., 2005; Guenther et al., 2006; Wiedinmyer et al., 2006; Liao et al., 2006] and NO x from lightning and soil [Price and Rind, 1992; Liao et al., 2006; Wu et al., 2008] , to reduce the tropospheric burden of ozone as a result of increased temperature and water vapor [Johnson et al., 2001; Brasseur et al., 1998 Brasseur et al., , 2006 Unger et al., 2006; Liao et al., 2006; Murazaki and Hess, 2006] , and to increase O 3 concentrations over or near populated and biomass burning areas because of slower transport, enhanced biogenic hydrocarbon emissions, and decomposition of peroxyacetyl nitrate at higher temperatures [Hogrefe et al., 2004; Liao et al., 2006; Steiner et al., 2006; Murazaki and Hess, 2006; Wu et al., 2008; Racherla and Adams, 2008] . While changes in meteorological fields have impacts on emissions of natural aerosols/aerosol precursors (e.g. dimethylsulfide (DMS), biogenic hydrocarbons, sea salt, and mineral dust), a warmer climate influences aerosol levels through altered concentrations of atmospheric oxidants, precipitation, boundary layer height, and by shifting gas-particle equilibria [Unger et al., 2006; Liao et al., 2006; Bauer et al., 2007; Pye et al., 2009] . The studies cited above underscore the important role of climate change in predictions of future O 3 &AERs. In previous studies, however, the complete feedback effect has not been considered, namely the radiative effect of simulated O 3 &AERs was not fed back into the climate simulation and consequently fed back into simulation of O 3 &AERs themselves. We present the results of such a study here.
[4] There are numerous assessments of climate change driven by tropospheric ozone [e.g., Ramaswamy and Bowen, 1994; Hansen et al., 1997; Stuber et al., 2001; Mickley et al., 2004; Shindell et al., 2006a Shindell et al., , 2006b Chen et al., 2007] and aerosols [Hansen et al., 1997; Boer et al., 2000; Menon et al., 2002; Jacobson, 2004; Wang, 2004 Wang, , 2007 Chung and Seinfeld, 2005; Hansen et al., 2005; Ramanathan et al., 2005; Takemura et al., 2005; Stier et al., 2006; Roeckner et al., 2006; Chen et al., 2007; Shindell et al., 2008] . A stepwise method has commonly been used in previous studies to simulate climate change driven by O 3 &AERs [e.g., Boer et al., 2000; Mickley et al., 2004; Hansen et al., 2005; Chen et al., 2007; Levy et al., 2008] . In the stepwise approach generally the first step is to simulate preindustrial or future concentrations of O 3 &AERs based on present-day climate and changes in non-GHG anthropogenic emissions. The second step is to use these concentrations of O 3 &AERs simulated a priori in the radiative transfer module of a general circulation model (GCM) to drive climate change, with levels of O 3 &AERs fixed during the climate simulation. Such stepwise simulations do not account for the changes in concentrations of O 3 &AERs as the climate itself is perturbed.
[5] We explore here the extent to which chemistry-aerosolclimate coupling influences predictions of future O 3 &AERs as well as future climate itself. We utilize a unified tropospheric chemistry-aerosol model within the Goddard Institute for Space Studies general circulation model II' (GISS GCM II') [Liao et al., 2003 [Liao et al., , 2004 . The model includes a detailed simulation of tropospheric O 3 -NO x -hydrocarbon chemistry, as well as aerosol precursors and aerosols (sulfate, nitrate, ammonium, black carbon (BC), primary organic carbon (POA), secondary organic carbon (SOA), sea salt, and mineral dust). We have applied the model to understand the radiative effect of O 3 &AERs on future climate in the stepwise manner described above [Chen et al., 2007] . The goal of this work is to quantify: (1) differences between year 2100 climate predicted in a fully-coupled simulation and that using the stepwise approach and (2) for simulation of future O 3 &AERs, besides consideration of future climate change driven by GHGs, assess the importance of future climate change driven by O 3 &AERs themselves. It should be noted that we consider only the direct radiative effect of aerosols in this work; the indirect radiative effect of aerosols will be the subject of future work.
Model Description and Experiments

Unified Model
[6] The unified tropospheric chemistry-aerosol model within the GISS GCM II' is described in detail in previous studies [Liao et al., 2003 [Liao et al., , 2004 Liao and Seinfeld, 2005; Liao et al., 2006] . The GISS GCM II' has a horizontal resolution of 4°latitude by 5°longitude, with 9 s vertical layers from surface to 10 mb [Rind and Lerner, 1996; Rind et al., 1999] and is coupled with a ''Q-flux'' ocean [Hansen et al., 1984] . In the Q-flux ocean, monthly horizontal heat transport fluxes are held constant as in Mickley et al. [2004] , while changes in the sea surface temperature and sea ice are calculated based on energy exchange with the atmosphere, ocean heat transport, and the ocean mixed layer heat capacity [Hansen et al., 1984; Russell et al., 1984] . The GISS model has been used extensively to probe the climate response to perturbations in GHG concentrations, solar luminosity, and tropospheric O 3 and aerosol burdens [e.g. Grenfell et al., 2001; Rind et al., 2001; Shindell et al., 2001; Menon, 2004; Mickley et al., 2004; Chung and Seinfeld, 2005; Chen et al., 2007] .
[7] The model includes a detailed simulation of tropospheric O 3 -NO x -hydrocarbon chemistry, as well as sulfate, nitrate, ammonium, BC, POA, SOA, sea salt, and mineral dust aerosols. Upper boundary layer conditions for O 3 and NO x are applied at the tropopause (about 150 hPa) to represent transport across the tropopause, as described by Wang et al. [1998] . The chemical mechanism includes 225 chemical species and 346 reactions for simulating gas-phase species and aerosols. The partitioning of ammonia and nitrate between gas and aerosol phases is determined by the on-line thermodynamic equilibrium model ISORROPIA [Nenes et al., 1998] , and the formation of secondary organic aerosol from monoterpenes is based on equilibrium partitioning and experimentally determined yield parameters [Griffin et al., 1999a [Griffin et al., , 1999b Chung and Seinfeld, 2002] .
(The simulation of secondary organic aerosol does not include isoprene or more recent laboratory yields; these will be updated in future work. For the present study, the effect of the ''missing'' organic aerosol should not be significant.) Two-way coupling between aerosols and gasphase chemistry provides consistent chemical fields for aerosol dynamics and aerosol mass for heterogeneous processes and calculations of gas-phase photolysis rates. Heterogeneous reactions considered in the model include those of N 2 O 5 , NO 3 , NO 2 , and HO 2 on wet aerosols, the uptake coefficients are taken to depend on atmospheric temperature and relative humidity, as described in Liao and Seinfeld [2005] .
[8] The radiative effect of O 3 as well as that of internally mixed aerosols including sulfate, nitrate, ammonium, black carbon, and organic carbon are fed back into the GISS GCM. Aerosol optical properties (extinction cross section, single-scattering albedo, and asymmetry factor) are calculated by Mie theory based on wavelength-dependent refractive indices and aerosol size distributions. Assumptions and parameters used for the calculations of aerosol optical properties are given in Liao et al. [2004] . Water uptake by sulfate/nitrate/ammonium aerosols is determined by the aerosol thermodynamic equilibrium module, ISORROPIA [Nenes et al., 1998 ]. Water uptake by organic carbon aerosol follows the treatment of Chung and Seinfeld [2002] . The refractive index of internally mixed aerosols is calculated by volume-weighting of the refractive index of each aerosol species and water. It should be noted that the actual (unknown) mixing state of aerosols in the atmosphere depends on the aging and coagulation of aerosol particles, and to some extent internal and external mixtures coexist. In our work the refractive index of the internal mixture is calculated by volume weighting as in most previous studies, but such a linear combination may represent an oversimplification. Present-day global optical depths and single-scattering albedos predicted by this model have been evaluated by comparison with measurements in Liao et al. [2004] .
[9] In order to accentuate climate effects and feedbacks, we have selected IPCC scenario A2 [Nakicenovic et al., 2000] [12] 2. CPLD2100: Equilibrium simulation of year 2100 O 3 , aerosols, and climate with full chemistry-aerosol-climate coupling. This simulation is carried out in the same manner as CPLD2000 except that 2100 GHG concentrations and 2100 non-GHG emissions are used.
[13] 3. CHEM2100sw: Simulation of year 2100 O 3 &AERs with present-day climate and year 2100 non-GHG anthropogenic emissions. This is the first of the two stepwise (sw) simulations for prediction of year 2100 climate; it provides offline fields of O 3 &AERs for offline climate simulation CLIM2100sw (see below). The simulation is driven by the present-day climate saved from CPLD2000 (fixed climate) and run for 6 years using year 2100 non-GHG anthropogenic emissions. Averages of concentrations over the final 5 years are used to represent year 2100 O 3 /aerosol distributions in present-day equilibrium climate that would occur if emissions were changed to 2100 levels.
[14] 4. CLIM2100sw: Equilibrium simulation of year 2100 climate using year 2100 levels of GHGs and monthly fields of year 2100 O 3 &AERs from CHEM2100sw. This is the second of the two stepwise simulations for prediction of year 2100 climate. The chemistry modules in the unified model are turned off; only the GCM part of the model is used for this simulation. This equilibrium climate simulation is run for 35 years and meteorological fields averaged over the final 20 years are analyzed.
[15] 5. CPLD2100 GHG : Equilibrium simulation of year 2100 climate due to GHGs alone, and of O 3 and aerosol composition with that climate and 2100 emissions. This simulation is the same as CPLD2100, except that presentday monthly fields of O 3 &AERs obtained from CPLD2000 are used in the radiative transfer code of the GCM during the integration, so that the GCM simulated climate is driven by future changes in GHGs alone. The simulation is initialized with GHGs set to 2100 levels and O 3 &AERs to present-day fields in the radiative code of the GCM, while year 2100 non-GHG anthropogenic emissions are used for O 3 and aerosol chemistry. The model is integrated for 35 years, allowing O 3 /aerosol levels to vary as the GHGdriven climate changes but these varying levels of O 3 &AERs are not used in the radiative transfer calculation in the GCM. As a result, this simulation does not consider the effect of changing O 3 &AERs on climate and therefore on concentrations of O 3 &AERs themselves.
[16] The difference between CPLD2100 and CPLD2000 shows projected changes in O 3 , aerosols, and climate from present-day to year 2100 with full chemistry-aerosolclimate coupling. The difference in climate between CPLD2100 and the stepwise simulation CLIM2100sw isolates the effect of chemistry-aerosol-climate coupling in future climate. The difference in concentrations of O 3 &AERs between CPLD2100 and the stepwise simulation CHEM2100sw reflects the effect of coupling (mainly the effect of future climate change) on future concentrations of O 3 &AERs. The role of GHG-driven climate change in predictions of future O 3 &AERs can be assessed by differences in O 3 &AERs between CPLD2100 G H G and CHEM2100sw, whereas the role of climate change driven by O 3 &AERs can be quantified by differences in O 3 &AERs between CPLD2100 and CPLD2100 GHG . A summary of all the experiments is given in Figure 1 . Concentrations of O 3 &AERs averaged over the final 5 years of simulations and meteorological fields averaged over the final 20 years of climate simulations are presented in the following sections. Statistical analysis based on the student's two sample t-test is applied to the concentrations of the last 5 years and the meteorological fields of the last 20 years.
Predicted Changes in O 3 , Aerosols, and Climate Over 2000-2100
[17] We present in this section results from comparing CPLD2100 and CPLD2000. GHG concentrations and non-GHG emissions change from their 2000 to their 2100 values, in a two-way coupled model: i.e. Climate impacts on O 3 &AERs, and, in turn, O 3 &AERs impact on climate.
Changes in Ozone Due to Changes in All Species
[18] Predicted changes in surface-layer mixing ratios and column burdens of O 3 over 2000 -2100 as a result of the future changes in both climate and non-GHG anthropogenic emissions are shown in Figures 2a and 2b , respectively. Compared to the present-day O 3 levels, year 2100 surfacelayer O 3 concentrations are predicted to generally increase by 40-100 ppbv over populated and biomass burning areas in January and July, and to decrease by up to 10 ppbv at Northern Hemisphere (NH) mid-high latitudes in July. Over 2000-2100, the global mean O 3 column burden is predicted to increase by 7.35 DU in DJF and by 9.70 DU in JJA. These values are lower than the global and annual increase of 11.4 -20.5 DU simulated by 11 different chemical transport models with changes in non-GHG anthropogenic emissions alone [Gauss et al., 2003] . The differences are a result of future climate change, which will be discussed subsequently.
Changes in Aerosols Due to Changes in All Species
[19] Figure 3 shows projected changes in annual mean surface-layer concentrations and seasonal mean column burdens of different aerosol species over 2000 -2100. On a global mean basis, all aerosol species, with the exception of sulfate, are predicted to increase between 2000 and 2100.
(Anthropogenic emissions of sulfur decrease from presentday to 2100 in SRES A2.) Concentrations and burdens of organic carbon and nitrate aerosols are predicted to exhibit the largest growth over 2000 -2100 in populated and biomass burning areas. Although mass changes of BC are relatively small as compared with those of organic carbon and nitrate, BC can have a disproportionate impact on climate because of its absorption. The bottom row of Figure 3 shows the predicted changes in surface concentrations and column burdens of total dry aerosol mass, the sum of sulfate, nitrate, ammonium, BC, POA, and SOA. Relative to the present-day aerosol concentrations and burdens, year 2100 values show reductions at high latitudes, because of the lower sulfate concentrations and predicted future increases in precipitation (increased wet deposition).
Climate Change Due to Changes in All Species, in GHGs, and in O 3 &AERs
[20] Equilibrium climate change over 2000 -2100 as a result of the changes in all species (GHGs and O 3 &AERs) is represented by the differences in meteorological parameters between CPLD2100 and CPLD2000. For comparison, we also present simulated future climate change driven by GHGs alone (the differences between CPLD2100 GHG and CPLD2000) and by O 3 &AERs alone (CPLD2100-CPLD2100 GHG ).
Temperature
[21] Figure 4 shows projected seasonal mean surface air temperature over 2000 -2100 as a result of the changes in levels of all species, GHGs, and O 3 &AERs. Relative to year 2000, year 2100 equilibrium global mean surface air temperature is predicted to increase by 6.1 K in DJF and by 5.8 K in JJA. In this version of GISS GCM II', doubling CO 2 relative to the present-day yields a climate sensitivity of 0.8 K m 2 W
À1
, a value that lies within the range of sensitivities reported for current GCMs [IPCC, 2007] . Changes in surface air temperature are mostly the result of forcing by GHGs; the predicted global mean change by GHGs is +5.3 K in DJF and +5.0 K in JJA, while that by O 3 &AERs is +0.82 K in DJF and +0.85 K in JJA. The net warming effect of O 3 &AERs can be explained by the fact that the cooling effect of scattering aerosols is offset by warming owing to O 3 and the internally mixed BC containing aerosols.
[22] Predicted surface air temperature change by all species exhibits maximum increases over the high latitudes in the NH in DJF and in the Southern Hemisphere in JJA as a result of the snow and ice albedo feedback (Figure 4a ). Such temperature response at high latitudes agrees with the predictions of forcing by both GHGs and short-lived species by Levy et al. [2008] and Shindell et al. [2008] . In JJA, a warming exceeding 7 K by all species is predicted over populated areas in eastern China, Europe, the United States, and in biomass burning areas in South America and Africa; besides the effect of GHGs (Figure 4b ), a fraction of the warming is the result of short-lived species (Figure 4c ). Because aerosols can reduce surface air temperature [Chen et al., 2007] and O 3 is a greenhouse gas, the net effect of aerosols and O 3 is a weak, but statistically significant, cooling over eastern China in DJF, and over India and northern Africa in JJA (Figure 4c ).
[23] Figure 5 displays the zonally averaged vertical distribution of predicted atmospheric temperature change over 2000 -2100 by all species, GHGs, and O 3 &AERs for DJF and JJA. With all species, predicted zonal mean changes in atmospheric temperature exhibit the same pattern as those summarized by IPCC [2007] (Figure 5a ). Enhanced warming in both DJF and JJA in the tropical mid to upper troposphere results from enhanced latent heating owing to more vigorous moist convection [Hansen et al., 1984; Mitchell, 1989] and from increased longwave radiative heating when upper tropospheric cloudiness and water vapor increase with temperature [Dai et al., 2001] . The enhanced mid-tropospheric heating results mostly from future changes in GHGs (Figure 5b) , which leads to a more stable lower troposphere in the low latitudes, a common feature in many GCMs [e.g., Hansen et al., 1984; Mitchell, 1989; Mitas and Clement, 2006; Chen et al., 2007] . Future changes in O 3 &AERs are predicted to lead to additional mid-tropospheric heating in the low latitudes beyond the effect of GHGs alone (Figure 5c ). In JJA, O 3 &AERs have an effect of increasing atmospheric temperature in the NH, with the maximum heating predicted to be around 300 mb in the NH high latitudes, which is caused by O 3 and transported internally mixed absorbing aerosols [Chung and Seinfeld, 2005; Chen et al., 2007] . The underlying high albedo surfaces in the NH high latitudes enhance the heating. On a zonal and seasonal mean basis, with larger increases in temperature in the upper troposphere versus in the lower troposphere, O 3 &AERs increase atmospheric stability in the entire NH in JJA (Figure 5c ).
Precipitation
[24] The predicted equilibrium precipitation changes as a result of changes in all species, GHGs, and O 3 &AERs over 2000-2100 are presented for DJF and JJA in Figure 6 . Predicted global mean changes in precipitation by all species are 0.34 mm day À1 for DJF and 0.31 mm day
À1
for JJA, which are, respectively, 10% and 9% increases from the global mean values predicted for DJF and JJA in year 2000. Predicted increases in precipitation over mid to high latitudes in both hemispheres are a result of the large warming at the surface and in the lower troposphere [Dai et al., 2001] ; these results are consistent with those simulated using 23 different general circulation models [Meehl et al., 2007] . In the presence of forcing by all species, precipitation is predicted to decrease over southeastern China, South Asia, northern and southern Africa in DJF and over eastern China, Europe, the United States, South America, and southern Africa in JJA. The net effect of O 3 &AERs generally leads to reductions in precipitation over populated areas (Figure 6c) , with the reductions statistically significant over eastern China in both DJF and JJA and over Europe in JJA, since aerosols lead to reduced convection [Chen et al., 2007] .
Importance of Chemistry-Aerosol-Climate Coupling
[25] In this section we systematically examine the importance of considering two-way, one-way, or no couplings between O 3 &AERs and climate on the calculated O 3 and aerosol burdens and climate. We do so by performing two comparisons of the two-way (O 3 &AERs)climate) coupled simulation, CPLD2100: (1) with CHEM2100sw, in which no couplings between O 3 &AERs and climate are considered; (2) with CLIM2100sw, in which the one-way (O 3 &AERs)climate, O 3 &AERs influence climate through their radiative forcing) coupling is allowed. [26] The effect of climate change on future levels of O 3 can be seen from the differences in column burdens of O 3 between CPLD2100 and CHEM2100sw (Figure 7a ). Relative to CHEM2100sw (year 2100 O 3 using present-day climate and year 2100 non-GHG emissions), CPLD2100 predicts lower column burdens of O 3 with fully-coupled climate change. The simulated global mean column burden of O 3 in DJF in CPLD2100 is 6 DU (or 21% lower) than the 29 DU simulated in CHEM2100sw, while that in JJA in CPLD2100 is 8 DU (or 17%) lower than the 48 DU in CHEM2100sw. The increases in temperature (Figure 4 ) and the associated increases in water vapor content in a warmer climate lead to faster removal of O 3 in the troposphere [Brasseur et al., 1998; Johnson et al., 1999 Johnson et al., , 2001 Stevenson et al., 2006] . The largest differences in O 3 column burden are predicted to be 10 -20 DU in DJF and 15-25 DU in JJA over tropics and subtropics (Figure 7a ) where water vapor content is predicted to exhibit the largest increases over 2000 -2100 [Chen et al., 2007] . With full chemistry-aerosol-climate coupling in CPLD2100, year 2100 column burdens of O 3 over eastern China, the United States, and Europe, respectively, are predicted to be lower than those simulated in CHEM2100sw by 10 -25%, 10 -15%, and 5 -10% in DJF, and by 5 -10%, 5 -15%, and 0-5% in JJA. The zonal mean differences in O 3 mixing ratios between CPLD2100 and CHEM2100sw are shown in Figure 7b for January and July. Ozone differences are predicted to exceed 20 ppbv near the tropopause where O 3 mixing ratios are high in CHEM2100sw.
Carbonaceous Aerosols
[27] Figure 8 shows the effect of climate change (CPLD2100 -CHEM2100sw) on column burdens of BC, POA, and SOA for DJF and JJA. Predicted changes in column burdens of BC are similar to those of POA in both DJF and JJA. Relative to CHEM2100sw, POA burdens simulated in CPLD2100 are predicted to be lower in mid to high latitudes in both hemispheres because of the predicted increases in precipitation in these areas over 2000 -2100 (Figure 6a ). Relative to CHEM2100sw, year 2100 JJA POA burdens over northeastern China, Europe, southern Africa, and South America, however, are predicted to increase by 10-35 mg m À2 as a result of fully coupled climate change. Aerosols, which are predicted to lead to reduced precipitation (Figure 6c ), exert a positive feedback to further increase aerosol concentrations over areas with high levels of aerosols.
[28] The pattern of changes in SOA column burden is similar to that of changes in POA, since SOA is assumed to form on preexisting POA [Liao et al., 2003] . Although higher temperatures in CPLD2100 lead to a 92% increase in simulated year 2100 emissions of monoterpenes and ORVOCs as compared CHEM2100sw, the higher temperatures serve to shift the gas-particle partitioning of volatile oxidation products toward the gas-phase. The net effect of these two opposing influences as well as the changes in precipitation is a 13% higher global SOA burden in CPLD2100 than in CHEM2100sw (Table 2) . 4.1.3. Sulfate/Nitrate/Ammonium
[29] Figure 9 shows the effect of full coupling (CPLD2100 -CHEM2100sw) on column burdens of sulfate, nitrate, and ammonium for DJF and JJA. The largest increases in sulfate column burden are predicted over southeastern Asia and the south Asia subcontinent. In JJA, simulated column burdens of sulfate in CPLD2100 are 5-35 mg m À2 higher than those in CHEM2100sw over eastern China, Europe, the Arabian Peninsula, eastern United States, and Africa. In addition to the differences in meteorological conditions between CPLD2100 and CHEM2100sw, locally higher O 3 , OH, and H 2 O 2 concentrations in a warmer climate lead to increased sulfate formation near emission sources. Although climate change is predicted to generally lead to reduced column burdens of O 3 (Figure 7) , JJA surface-layer O 3 is predicted to increase over populated areas and biomass burning regions (see, for example, Figure  15b that shows the effect of future climate change on surface O 3 for the month of July). Concentrations of OH and H 2 O 2 increase over populated areas in JJA (not shown) as a result of climate change, with the increases in OH associated with the increases in O 3 and those in H 2 O 2 explained by the increased rate coefficient of the reaction HO 2 + HO 2 !H 2 O 2 in a warmer climate [Liao et al., 2006] . The role of climate-induced changes in oxidants can also be identified over the eastern United States, where, relative to CHEM2100sw, column burdens of sulfate increase but those of chemically inert POA and BC do not show significant changes.
[30] Changes in temperature influence gas-aerosol thermodynamic equilibrium. In a warmer climate, more HNO 3 remains in the gas-phase, leading to significant reductions in ammonium nitrate formation. Relative to CHEM2100sw, column burdens of nitrate and ammonium in the fully coupled CPLD2100 are generally lower, although the burdens show minor increases over northeastern China and Europe as a result of the reduced precipitation in those locations. On an annual mean basis, global burdens of nitrate and ammonium aerosols are 44% and 25% lower, respectively, in CPLD2100 than in CHEM2100sw (Table 2) .
Total Aerosols
[31] The differences in total aerosol column burden, including sulfate, nitrate, ammonium, BC, POA, and SOA, between CPLD2100 and CHEM2100sw are shown in Figure 10a . In mid to high latitudes in the NH, the full coupling (the effect of climate change) leads to reductions in aerosol column burden of 10-20 mg m À2 (or 40-80%) in DJF and of up to 10 mg m À2 (or 20-40%) in JJA, as compared with the values obtained in the stepwise simulation CHEM2100sw. Relative to CHEM2100sw, total aerosol column burdens predicted in CPLD2100 are lower by up to 20 mg m À2 over the eastern United States, northeastern China, and Europe in [32] The effect of full coupling on simulated year 2100 zonal mean total aerosol mass concentrations is shown for DJF and JJA in Figure 10b . Compared to CHEM2100sw, aerosol concentrations in CPLD2100 are lower at high latitudes in the NH in DJF, with the largest reductions predicted near the surface. By contrast, aerosol concentrations are predicted to increase over the tropics and subtropics in both DJF and JJA; the increases are mainly below 600 mb altitude because of the future increases in atmospheric stability in the lower troposphere as a result of the enhanced mid-tropospheric heating (Figure 5a ). It should be noted here that the effects of climate change on aerosols include not only the changes in meteorological parameters but also changes in climate-sensitive emissions, especially dimethylsulfide (DMS) emissions over the oceans and biogenic emissions over continents. [33] CLIM2100sw is an equilibrium simulation using 2100 GHG levels and offline monthly ozone and aerosol fields from CHEM2100sw; climate is not allowed to impact on the O 3 and aerosol fields, but O 3 and aerosol fields impact on climate through their direct radiative forcing (O 3 &AERs)climate one-way coupling). The differences in O 3 and aerosol burdens used in CLIM2100sw (i.e. fixed offline fields from CHEM2100sw) and those simulated in CPLD2100 can produce a difference in net radiative fluxes, leading to the difference in climate between CLIM2100sw and CPLD2100. By carrying out offline radiative calculations, these changes in radiative fluxes are analyzed in this section to investigate the radiation perturbations between the two-way coupled simulation CPLD2100 and the one-way (O 3 &AERs)climate) coupled simulation CLIM2100sw.
[34] Figure 11 shows the O 3 radiative perturbation to CLIM2100sw at the tropopause and the surface as a result of two-way coupling. Since O 3 column burdens in CPLD2100 are generally lower than those in CLIM2100sw (Figure 7) , an overall cooling is found at the tropopause in both DJF and JJA. At the surface, increases in shortwave heating and reductions in longwave heating lead to modest net heating (shortwave plus longwave) in the summer hemisphere and net cooling in mid-high latitudes in the winter hemisphere. Regionally, O 3 forcing values are within the range of ±1.5 W m À2 at both the tropopause and the surface. [35] Figure 12 presents the aerosol radiation perturbation as a result of two-way coupling at different vertical layers. The magnitude of aerosol radiation perturbation is generally larger than that of O 3 . In DJF, over mid-high latitudes in both hemispheres, reductions in aerosols owing to two-way coupling generally lead to a positive increase in net radiative fluxes in the lower troposphere, with maximum values of 2-5 W m À2 extending from the Mediterranean Sea to Eastern Europe and eastern Asia. Although DJF column burdens of all aerosols over eastern China and Europe are lower with two-way coupling (Figure 10a) , concentrations of aerosols in the lower troposphere are actually higher (Figure 16b ), leading to increases in backscattering and hence negative forcing in the upper troposphere of these areas. In JJA, aerosol radiation perturbation in the lower and upper troposphere has generally an opposite sign; over areas where two-way coupling leads to lower aerosol burdens (Figure 10a ), aerosol radiation perturbation is positive in the lower troposphere and negative in the upper troposphere; over populated areas where two-way coupling leads to higher aerosol burdens, radiation perturbation is negative in the lower troposphere and positive in the upper troposphere. Over the tropics, negative changes of 10-15 W m À2 are found in the lower troposphere and ±2 W m À2 are estimated in the upper troposphere in both DJF and JJA, as a result of the higher levels of aerosols owing to two-way coupling.
Surface Air Temperature
[36] Figure 13 shows the differences in simulated surface air temperature between two-way coupling (CPLD2100) and one-way O 3 &AERs)climate coupling (CLIM2100sw) for DJF and JJA. The effect of two-way coupling produces stronger warming by O 3 &AERs; global mean year 2100 surface air temperature simulated in CPLD2100 is higher than that obtained in CLIM2100sw by 0.44 K in DJF and by 0.41 K in JJA.
[37] Comparison of Figure 13 with Figure 12 indicates that the geographical pattern of the surface air temperature response does not always follow that of direct radiative forcing, which has been demonstrated in earlier studies [Hansen et al., 1997; Mickley et al., 2004; Chung and Seinfeld, 2005] . In DJF, surface air temperatures simulated ) at the surface and the tropopause as a result of the differences in O 3 between two-way coupling (CPLD2100) and one-way O 3 &AERs)climate coupling (CLIM2100sw). Left column is for DJF, and right column for JJA. Global mean value is indicated at the top right corner of each panel.
in CPLD2100 are higher than those from CLIM2100sw at mid-high latitudes in the NH, corresponding to the positive forcing in the lower troposphere. While the maximum positive forcing values are in the NH mid-latitudes, the maximum changes in surface air temperature of 2-4 K are predicted in NH high latitudes as a result of the sea-ice climate feedback. Statistically significant higher DJF temperatures of 1 -2 K in CPLD2100 than in CLIM2100sw over Europe correspond to the large positive forcing there. The surface temperature in CPLD2100 is higher than that in CLIM2100sw by 1 -2 K in eastern China in DJF, and this statistically significant warming extends to India and southeastern Asia. These changes in temperature in Asia do not correspond with the location of forcing; since the positive forcing is small or near zero over eastern China and negative over India and southeastern Asia. In JJA, although negative forcings are large in the lower troposphere over populated and biomass burning areas (Figure 12 ), differences in JJA surface air temperature (CPLD2100-CLIM2100sw) do not show statistically significant cooling in these areas, because the less stable atmospheric lapse rate in JJA than in DJF tends not to confine the thermal response close to the surface. Statistically significant increases in JJA surface air temperature of 1 -2 K are predicted over Europe, despite the negative forcing there in the lower troposphere, which is probably influenced by the warming in the nearby ocean and in higher latitudes. Statistically significant increases in surface air temperature are also found over the northwestern Pacific Ocean, tropical Pacific Ocean, and northern Indian Ocean. Increases in black carbon aerosols over populated areas can contribute to the positive temperature responses over tropical oceans [Chung and Seinfeld, 2005] . ) at the surface, 894 mb, 470 mb, and the tropopause as a result of the differences in aerosols (sulfate, nitrate, ammonium, BC, POA, and SOA) between two-way coupling (CPLD2100) and one-way O 3 &AERs)climate coupling (CLIM2100sw). (a) DJF and (b) JJA. Global mean value is indicated at the top right corner of each panel.
[38] The importance of chemistry-aerosol-climate coupling in prediction of future surface air temperature change can be represented by the ratios of the difference in temperature between CPLD2100 and CLIM2100sw ( Figure 13 ) to that between CPLD2100 and CPLD2000 (Figure 4a) , which are about 10-30% in the North Polar Region, 20-40% in DJF and 10 -20% in JJA over eastern China, as well as 10-30% in Europe in both seasons. These results indicate that the effect of coupling is important regionally in predictions of decadal temperature changes.
Precipitation
[39] Figure 14 shows the differences in simulated precipitation between CPLD2100 and CLIM2100sw for DJF and JJA. The largest differences in predicted precipitation generally overlap or are near the regions with the largest temperature differences such as high latitudes in the NH, eastern China, and tropical oceans. As shown in the zonal mean plot (Figure 14b ), the full coupling (CPLD2100-CLIM2100sw) influences mainly precipitation between 20°S and 20°N, and produces increased precipitation in mid-high latitudes in the NH in both DJF and JJA.
Contribution of Changes in GHG-and O 3 &AERs to Year 2100 O 3 and Aerosols
[40] As presented in section 4, the differences in O 3 (or aerosols) between CPLD2100 and CHEM2100sw represent the effect of the two-way (O 3 &AERs () climate) coupling on simulation of future O 3 (or aerosols). Future climate in CPLD2100 includes the effects of future changes in both GHGs and O 3 &AERs; we quantify in this section the relative importance of future GHG-and O 3 &AERs-driven climate change on levels of year 2100 O 3 &AERs themselves. The differences in simulated concentrations of O 3 &AERs between CPLD2100 GHG and CHEM2100sw represent the effect of future climate change driven by GHGs, while those between CPLD2100 and CPLD2100 GHG assess the effect of future climate change driven by O 3 &AERs. Because of the intricate coupling between O 3 and aerosols, it is not possible to separate the climate impact of O 3 from that of aerosols. Aerosols exert a greater climate forcing than O 3 [Chen et al., 2007] ; that is, future climate change by O 3 &AERs is dominated by the aerosol component.
Ozone
[41] Figure 15a shows year 2100 surface-layer O 3 mixing ratios predicted in CPLD2100. Future concentrations of O 3 , based on IPCC SRES A2 that has the highest growth of emissions among the IPCC scenarios, are all at the high end. Figures 15b-15d compare impacts of future climate change by all species (GHGs plus O 3 &AERs) (CPLD2100-CHEM2100sw), GHGs (CPLD2100 GHG -CHEM2100sw), and O 3 &AERs (CPLD2100 -CPLD2100 GHG ) on predicted year 2100 surface-layer O 3 mixing ratios for January and July. Relative to CHEM2100sw simulated with present-day climate, surface O 3 in CPLD2100 generally increases over populated and biomass burning areas as a result of future climate change by all species (Figure 15b ). Future climate change by GHGs (Figure 15c ) increases surface layer O 3 concentrations over or near populated and biomass burning areas because of slower transport, enhanced biogenic hydrocarbon emissions, decomposition of peroxyacetyl nitrate at higher temperatures, and the increase of O 3 production by increased water vapor at high NO x levels [Liao et al., 2006] . Because the net effect of O 3 &AERs on temperature is to increase atmospheric stability (reductions in convection) in JJA (see section 3.3.1 for zonal mean changes in atmospheric stability and Table 4 in Chen et al., 2007 for changes in stability over populated areas), O 3 concentrations over eastern China, eastern US, and Europe are predicted to increase in JJA when photochemistry is active (Figure 15d ). The maximum increases in O 3 of 20 -30 ppb are predicted over Europe in July, because Europe is an area with strong moist convection in the GISS GCM , therefore reductions in convection there have large impact on O 3 . This predicted increase in O 3 in July over Europe is a robust result in this model, since the predicted increase in atmospheric stability there in JJA is statistically significant. Future climate change driven by GHGs has a considerably larger impact on future O 3 than that driven by O 3 &AERs. For example, comparison of Figures 15b and 15c indicates that 85% of the global mean reduction in O 3 in January (6.79 ppbv) and 81% of the global mean reduction in July (7.76 ppbv) are attributable to future GHG-driven climate. Over eastern China, eastern United States, and biomass burning areas of Southern Africa and South America, increases in O 3 by future GHG-driven climate account for more than 80% of the increases by future climate change by all species. 
Aerosols
[42] Figure 16a shows year 2100 surface-layer aerosol concentrations predicted in CPLD2100. Figures 16b-16d compare impacts of future climate change by all species, GHGs, and O 3 &AERs on predicted year 2100 aerosols for DJF and JJA. Future climate change driven by all species increases surface aerosol concentrations over populated areas and biomass burning regions in both DJF and JJA (Figure 16b) . Climate change by O 3 &AERs is as important as that by GHGs in predictions of future aerosols (Figures 16c  and 16d) . Over eastern China, aerosol concentrations in CPLD2100 are higher than those in CPLD2100 GHG by 10-35 mg m À3 in both DJF and JJA (Figure 16d ). While reduced convection owing to O 3 &AERs can increase aerosol concentrations, aerosols are also influenced by reduced precipitation (wet deposition of aerosols) associated with reduced convection over populated areas (Figure 6c ). Year 2100 aerosol concentrations are the highest over eastern China (Figure 16a ), and O 3 &AERs -induced reductions in precipitation are the largest (Figure 6c , note that the reduction in precipitation there is statistically significant), which lead to a strong positive feedback to further increase concentrations of aerosols (Figure 16d ).
Conclusions
[43] Previous studies on the interactions between chemistry, aerosol, and climate [Liao et al., 2003 [Liao et al., , 2004 [Liao et al., , 2006 Liao and Seinfeld, 2005; Chen et al., 2007] are extended to assess the impact of full chemistry-aerosol-climate coupling on simulation of year 2100 climate and year 2100 concentrations of O 3 and aerosols. We employ the previously developed GISS GCM II' with online tropospheric ozone-NO x -hydrocarbon chemistry and sulfate, nitrate, ammonium, black carbon, primary organic carbon, secondary organic carbon aerosols. Year 2100 concentrations of greenhouse gases as well as the anthropogenic emissions of ozone precursors and aerosols/aerosol precursors are based on IPCC scenario A2.
[44] With a fully coupled climate simulation driven by future changes in GHGs, O 3 , and aerosols over 2000 -2100, we predict an equilibrium increase in global mean surface air temperature of 6.1 K in DJF and of 5.8 K in JJA, and an increase in global mean precipitation by about 10% relative to that predicted for year 2000. Predicted zonal mean changes in atmospheric temperature as well as the general increases in precipitation at high latitudes and decreases in precipitation in subtropics are consistent with projections summarized by IPCC [2007] .
[45] We have performed 5 simulations, denoted CPLD2000, CPLD2100, CHEM2100sw, CLIM2100sw, and CPLD2100 GHG , to quantify the effect of chemistryaerosol-climate coupling on global predictions of year 2100 climate and year 2100 levels of tropospheric O 3 and aerosols. Compared with year 2100 O 3 and aerosol levels projected based on present-day climate and 2100 emissions ) for DJF and JJA in CPLD2100 based on IPCC SRES A2. (a) Effect of future climate change driven by all species on simulation of year 2100 surface-layer aerosol concentrations (differences in aerosol concentrations (mg m
À3
) between CPLD2100 and CHEM2100sw). (b) Effect of future climate change driven by GHGs alone on simulation of year 2100 surface-layer aerosol levels (CPLD2100 GHG -CHEM2100sw). (c) Effect of future climate change driven by O 3 and aerosols on simulation of year 2100 surface-layer aerosol concentrations (CPLD2100 -CPLD2100 GHG ). Aerosol species accounted for are sulfate, nitrate, ammonium, BC, POA, and SOA. Left panels are for DJF and right panels for JJA. Global mean value is indicated at top right corner of each panel. Dotted areas in (b) -(d) indicate results that are significant at the 95% level. latitudes in the NH, because of the predicted increases in precipitation in year 2100; (3) lower year 2100 column burdens of all aerosols in DJF by up to 20 mg m À2 over the eastern United States, northeastern China, and Europe, and 30-50 mg m À2 increases in JJA aerosol column burdens over populated and biomass burning areas; and (4) increases in year 2100 aerosol column burdens over the tropics.
[46] Chemistry-aerosol-climate coupling has an ultimate influence on simulated year 2100 climate. Compared to the stepwise approach (CLIM2100sw) in which year 2100 climate is simulated using offline ozone and aerosol fields calculated based on present-day climate and year 2100 emissions, the fully coupled simulation (CPLD2100) predicts stronger warming in year 2100; global mean year 2100 surface air temperature simulated in CPLD2100 is higher than that obtained in CLIM2100sw by 0.44 K in DJF and by 0.41 K in JJA. Regionally, surface air temperatures simulated in CPLD2100 are higher than those obtained in CLIM2100sw by 2 -4 K in DJF in NH high latitudes, by 1 -2 K over Europe and eastern China in both DJF and JJA, and by 0.2-1 K over tropical oceans.
[47] We further examine the relative importance of future climate change driven by GHGs as compared to that driven by O 3 and aerosols themselves in the simulation of future O 3 and aerosols. Consideration of future GHG-driven climate change is essential for prediction of future O 3 ; this reproduces about 85% of future reductions in global mean O 3 , and more than 80% of increases in surface O 3 over eastern China, eastern United States, southern Africa, and South America. Ozone/aerosol-driven climate change is essential for simulation of future aerosol levels, especially over populated and biomass burning areas. A strong positive feedback exists between aerosol direct radiative forcing and simulated future aerosol concentrations; high aerosol concentrations lead to reductions in convection and precipitation (or wet deposition of aerosols), further increasing aerosol concentrations in the lower troposphere.
[48] There are a number of ways in which the current study can be improved. In the present study, biogenic emissions of O 3 and SOA precursors as well as the mineral dust emissions are based on fixed vegetation and land types; these can be improved with a prognostic treatment of vegetation and land type. As shown by Sanderson et al. [2003] and Lathière et al. [2005] , climate-vegetation coupling is important for predicting future biogenic hydrocarbon emissions. Second, O 3 transport from the stratosphere is fixed in all the simulations reported here; this process is climate-sensitive and should be accounted for in a more thorough treatment [Sudo et al., 2003; Collins et al., 2003; Zeng and Pyle, 2003; Shindell et al., 2006a Shindell et al., , 2006b ]. Third, sea salt and mineral dust are not included here in the chemistry-aerosol-climate coupling. Fourth, because of the uncertainties inherent in using a single climate model, especially because of the coarse resolution of the GCM used in this work, comparison of results from different climate/composition models is desirable. Finally, and most importantly, aerosol indirect radiative forcing must be considered to assess complete chemistry-aerosol-climate coupling. The extent to which coupled chemical phenomena influence cloud condensation nuclei concentrations and cloud activation behavior still represents a frontier question in climate research.
